Introduction
============

Liver fibrosis is a common outcome of virtually all chronic hepatic injuries, such as viral hepatitis, and is frequently induced by hepatitis B and hepatitis C infection, alcoholic or nonalcoholic steatohepatitis, autoimmune and chronic inflammatory conditions, and metabolic disorders ([@b1-mmr-21-04-1861],[@b2-mmr-21-04-1861]). If left untreated, fibrosis can progress to clinically evident liver cirrhosis and hepatic failure, ultimately leading to mortality. Current treatments for liver fibrosis are mostly limited to removing the underlying injurious stimulus (where possible), eradicating viruses using antiviral drugs in viral hepatitis, enhancing exercise for nonalcoholic steatohepatitis, and liver transplantation ([@b3-mmr-21-04-1861]). However, many patients with liver fibrosis either do not respond to these treatments or are diagnosed at intermediate or advanced disease stages, where satisfactory curative approaches are often not feasible ([@b4-mmr-21-04-1861]). Additionally, although liver transplantation is a highly successful treatment for end stage liver fibrosis, it is not always possible, due to limited organ availability and the presence of contraindicating comorbidities ([@b5-mmr-21-04-1861]). Therefore, there is an urgent need to develop, test and monitor antifibrotic treatments that can prevent, halt, or even reverse liver fibrosis.

MicroRNAs (miRNAs), a class of short (\~22 nt) non-coding RNA molecules, can directly regulate gene expression by specifically binding to the 3′-untranslated region (UTR) of target mRNAs to block translation at the initiation or post-initiation steps, inducing mRNA deadenylation and decay ([@b6-mmr-21-04-1861]). It has been demonstrated that several mammalian miRNAs are implicated in various biological processes, including differentiation, proliferation, oxidative stress resistance and tumor suppression ([@b7-mmr-21-04-1861]). miRNAs are known to be dysregulated in several diseases, including liver fibrosis ([@b8-mmr-21-04-1861]). For example, all miRNA (miR)-29 family members (miR-29a, miR-29b, and miR-29c) are downregulated during the *in vitro* activation of isolated rat and mouse hepatic stellate cells \[HSCs, the main extracellular matrix (ECM)-producing cells in the fibrotic liver\], and in liver biopsies from patients with advanced liver fibrosis; and miR-29 overexpression in HSCs could significantly reduce collagen I and IV synthesis ([@b9-mmr-21-04-1861]--[@b11-mmr-21-04-1861]). miR-122, mainly enriched in hepatic tissue, regulates the activation of HSCs and liver fibrosis by controlling collagen maturation and ECM production ([@b12-mmr-21-04-1861]); ectopic miR-21 stimulates extracellular signal-regulated kinase 1 signaling in HSCs and induces hepatocyte epithelial-mesenchymal transition by targeting sprouty2 or hepatocyte nuclear factor 4α ([@b13-mmr-21-04-1861]). Thus, these findings were expected to uncover the critical mechanism of liver fibrosis and strongly implied that these dysregulated miRNAs serve a role in the development of liver fibrosis, and could also be explored as novel disease markers for the diagnosis or monitoring of the progression of liver fibrosis ([@b14-mmr-21-04-1861]).

Recently, increasing evidence has demonstrated that aberrantly expressed miR-200a is considered to be a regulator in some fibrosis diseases. For instance, miR-200a is significantly downregulated in the lungs of rats with experimental lung fibrosis and patients with idiopathic pulmonary fibrosis ([@b15-mmr-21-04-1861]); miR-200a has been identified to be downregulated in transforming growth factor (TGF)-β1-activated pancreatic stellate cells (PSCs) and forced miR-200a expression could attenuate TGF-β1-induced PSC activation and ECM formation by inhibiting the phosphatase and tensin homolog/AKT/mTOR ([@b16-mmr-21-04-1861]). It has also been reported that increasing expression of miR-200a attenuates HSC proliferation while knocking down miR-200a-promoted HSC proliferation ([@b17-mmr-21-04-1861],[@b18-mmr-21-04-1861]). In addition, the Hh signaling pathway has been found to be an important pathway responsible for the pathogenesis of liver fibrosis. The GLI family zinc finger (Gli) family, including members Gli1, Gli2 and Gli3, can directly activate the Hh signaling pathway ([@b19-mmr-21-04-1861]). Nevertheless, little is known about the roles of miR-200a and the Gli family in the development of liver fibrosis, and the present study aimed to address this.

Materials and methods
=====================

### Patients

The participants enrolled in the present study were divided into two groups: Group I comprised 10 patients with liver fibrosis from the Digestive System Department of First People\'s Hospital of Kunming City; and Group II comprised 10 healthy people from the Health Examination Center of First People\'s Hospital of Kunming City. Participants were recruited between January 2014 and June 2015. The clinical parameters of patients are listed in [Tables SI](#SD1-mmr-21-04-1861){ref-type="supplementary-material"} and [SII](#SD1-mmr-21-04-1861){ref-type="supplementary-material"}. Patients who had autoimmune hepatitis, drug-induced injury, alcohol abuse or liver carcinoma were excluded. Prior informed consent was obtained from all patients and the study protocol was approved by the Ethics Committee of First People\'s Hospital of Kunming City. A fasting blood sample (8 ml) was collected from patients with liver fibrosis and healthy donors during his/her first admission to the hospital. The blood samples were kept at room temperature for 1 h and then cellular components were removed by two consecutive centrifugation steps (1,000 × g for 10 min at 4°C and 1,800 × g for 3 min at 4°C, respectively). The supernatant serum was recovered and then stored at −80°C.

### Rat models of liver fibrosis and treatment protocol

The animal experiments were approved by the Ethics Committee of First People\'s Hospital of Kunming City and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978) ([@b20-mmr-21-04-1861]). A total of 25 healthy male Sprague-Dawley (SD) rats (5--6 weeks old) with a mean weight of 180±10 g, were obtained from the Guangdong Province Laboratory Animal Center. All the rats were kept in plastic cages with a stainless steel cover (5 rats in each cage), and all of them were provided with free access to food and water (ordinary tap water) in an air-conditioned room (25°C and 65% humidity) with a 12-h light/dark cycle. All rats were acclimated for 1 week to reduce the stress response caused by environmental changes, and were then used to establish the liver fibrosis model. The SD rats were randomly divided into the control group (healthy rats), Model-0 week group, Model-2 week group, Model-4 week group, Model-8 week group, with 5 rats in each group. Model + Negative control (NC) group were injected with agomir control via the tail vein, and Model + miR-200a group were injected with miR-200a agomir via the tail vein. miR-200a agomir (5′UAACACUGUCUGGUAACGAUGU3′ and agomir control (5′UUUGUACUACACAAAAGUACUG3′) were obtained from Guangzhou Ribobio Co., Ltd.

The Model-0 week group received nothing as a control. To induce the rat model of liver fibrosis, 50% carbon tetrachloride (CCl~4~) in peanut oil solution (0.1 ml/kg, freshly prepared) was subcutaneously injected to the back of the rats twice a week for 2 weeks, 4 weeks and 8 weeks to establish the Model-2 week group, Model-4 week group and Model-8 week group, respectively. Rats in the Model + NC group and Model + miR-200a group were given 1--10 nmol agomir control or miR-200a agomir during the period of CCl~4~ treatment every 3 days for 4 weeks.

All rats were sacrificed by CO~2~ inhalation to ameliorate animal suffering after the last dose of CCl~4~. Blood was collected from the abdominal aorta, and serum was separated and stored at −80°C. The livers were removed and processed for further histopathological, reverse transcription-quantitative (RT-q)PCR and western blot analysis (WB).

### Cell culture and treatments

Normal hepatocytes, including AML12 (mouse hepatocyte cell line) and L02 (human hepatocyte cell line), both from the American Type Culture Collection (ATCC), and the hepatic stellate cell line LX2 (cat no. CBP60648; Shanghai Cobioer Biotech Co., Ltd), were cultivated in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 100 µg/ml penicillin and streptomycin, and incubated in a humidified state of 95% air and 5% CO~2~ at 37°C. When the cells grew to 80% confluence in culture flasks, they were detached with a solution of 0.25% trypsin and 0.002% EDTA (Gibco; Thermo Fisher Scientific, Inc.) and seeded into 6-well plates at a density of 5×10^5^ cells/well for subsequent experiments.

THP-1 cells were used to establish the liver cell fibrosis model as previously described by Prestigiacomo *et al* ([@b21-mmr-21-04-1861]). THP-1 cells purchased from ATCC were grown in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) with the addition of 10% FBS and antibiotics (100 IU/ml penicillin and 100 mg/ml streptomycin), and kept at 37°C under 5% CO~2~. THP-1 cells were differentiated into macrophages over 48 h with 5--25 ng/ml phorbol-12-myristate-13-acetate (PMA) treatment, according to a previously published method ([@b22-mmr-21-04-1861]). Then, LX2 cells with the characteristics of an activated hepatic stellate cell (HSC) phenotype were pre-cocultured with the treated THP-1 cells and challenged with LPS (1 µg/ml) ([@b21-mmr-21-04-1861]). After 0, 6, 12, 24 and 48 h, the cells were harvested for subsequent analysis.

293T cells obtained from ATCC were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% antibiotics at 37°C in a humidified air atmosphere containing 5% CO~2~, for the dual luciferase assay.

### Hydroxyproline assay

Since hydroxyproline is a basic constituent of collagen structure, its content can serve as indicator of collagen synthesis ([@b23-mmr-21-04-1861]). Hydroxyproline analysis was performed to assess the amount of collagen in liver tissues ([@b24-mmr-21-04-1861]). In brief, the samples were hydrolyzed with 6 M HCl at 130°C for 12 h. Then, 1 ml hydroxyproline developer (β-dimethylaminobenzaldehyde solution) was added to the samples and standards. The optical densities were measured at 558 nm using a spectrophotometer (Bio-Rad Laboratories, Inc.). Finally, the hydroxyproline/mg liver tissue was calculated according to the standard curve constructed with serial concentrations of commercial hydroxyproline.

### Histological assessment

Liver tissues were fixed with 10% formalin at 4°C for 24 h, and 4-µm-thick slices were stained with 0.2% hematoxylin for 10 min and 0.5% eosin for 1 min at room temperature. Subsequently, liver sections were subjected to Masson\'s trichrome staining (cat. no. SBJ-0288; Nanjing Senbeijia Biological Technology Co., Ltd). To observe the liver fibrosis, the blue pixel content of the images was obtained using an Olympus optical microscope (Olympus Corporation) at ×200 magnification. The degree stages of liver fibrosis in the specimen were graded according to the Ishak scoring system ([@b25-mmr-21-04-1861]). The scoring method for the Ishak scoring system is shown in [Table I](#tI-mmr-21-04-1861){ref-type="table"}. An Ishak score of ≥2 was regarded as significant liver fibrosis.

### Immunohistochemical staining

Immunohistochemistry was used to measure the α-SMA expression in the liver tissues. In brief, the liver tissues were embedded with paraffin, serially sectioned (thickness, 5 µm) and deparaffinized with xylene. Then, gradient ethanol hydration (85% ethanol for 10 min, 95% ethanol for 10 min and 100% ethanol for 10 min) was performed, and the slices were washed with distilled water. Next, heat-induced antigen retrieval (100°C; 10 min) was conducted followed by blocking of endogenous peroxide using 3% hydrogen peroxide (H~2~O~2~) in methanol for 15 min at room temperature. The sections were incubated with a primary monoclonal anti-α-SMA antibody (cat. no. ab32575; 1:300; Abcam) overnight at 4°C. Negative controls were obtained by omitting the primary antibody. After washing with PBS three times for 3 min each time, the sections were incubated with a horseradish peroxidase-conjugated secondary antibody (1:200; cat. no. BA1056; Wuhan Boster Biological Technology, Ltd., China) for 30 min at room temperature. Then, the sections were washed again with PBS three times for 5 min each time, and positive staining was detected using the DAB Envision System (Dako; Agilent Technologies, Inc.). Finally, light microscopy was used for observation, under which α-SMA-positive cells appeared brown-yellow.

### Computational target prediction

TargetScan was used to predict putative miRNAs targeted by Gli3 in the present study (<http://www.targetscan.org/mamm_31/>).

### RNA isolation and RT-qPCR detection of miRNA and mRNA

The expression levels of miR-200a, α-SMA, albumin and Gli3 were examined by RT-qPCR. For miRNA analysis, RNA was extracted using the miRNeasy kit (Qiagen GmbH) according to the manufacturer\'s protocol, and further purified using an RN easy mini kit (Qiagen GmbH) following the instructions of the supplier. Then, total RNA was reverse transcribed (37°C for 15 min; 85°C for 10 sec; holding at 4°C) using the miRCURY LNA Universal RT miRNA PCR, Polyadenylation and cDNA synthesis kit (Exiqon; Qiagen GmbH). cDNA diluted 1:50 was assayed in 10 ml PCR reactions supplemented with SYBR green according to the protocol for the miRCURY LNA Universal RT miRNA PCR with an ABI PRISM 7500 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc.) at 95°C for 10 min, followed by 40 cycles at 95°C for 10 sec and 60°C for 1 min.

For mRNA analysis, the cDNA was synthesized using the PrimeScript RT reagent kit (Epicentre; Illumina, Inc.) RT-PCR thermocycling was performed under the following conditions: 37°C for 15 min, 85°C for 10 sec, and holding at 4°C. Then, the cDNA was subsequently amplified by PCR using a SYBR Green mix (Takara Bio, Inc.) on an ABI PRISM 7500 Sequence Detection System. The PCR was conducted as follows: i) Pre-denaturation at 94°C for 5 min; ii) 40 cycles of denaturation at 94°C for 40 sec; ii) annealing at 60°C for 40 sec; iii) extension at 72°C for 1 min; and iv) overlap extension at 72°C for 10 min. The quantification cycle (Cq) value for mRNA was normalized against the Cq value for the internal control, β-actin, while U6 small nuclear RNA was used as an internal control for the relative amount of miRNA. The data were analyzed using the comparative Cq method ([@b26-mmr-21-04-1861]), which was defined as 2^−ΔΔCq^ to express the relationship for target gene expression between the experiment and control groups, where ΔΔCq=\[Cq (target gene)-Cq (β-actin or U6)\]~experiment\ group~-\[Cq (target gene)-Cq (β-actin or U6)\]~control\ group~. All primers used in this study are listed in [Table II](#tII-mmr-21-04-1861){ref-type="table"} and experiments were repeated ≥3 times.

### WB

Total proteins from all samples were lysed in modified RIPA lysis buffer (Beyotime Institute of Biotechnology) with freshly added protease inhibitor cocktail (Beyotime Institute of Biotechnology) at 4°C for 30 min. Protein concentration was quantified using a BCA protein assay kit (Thermo Fisher Scientific, Inc.). Then, 30 µg of total cellular extracts were separated by 10% SDS-PAGE and immobilized onto a polyvinylidene fluoride membrane (EMD Millipore). Following blocking by 5% skimmed milk at room temperature for 1 h, the membrane was probed with primary antibodies against GAPDH (cat. no. ABCA0467269; 1:1,000; Abmart), α-SMA (1:1,000; Abcam), albumin (1:1,500; Abcam) and Gli3 (cat. no. ab6050; 1:2,000; Abcam) overnight at 4°C. Subsequently, the membrane was incubated with horseradish peroxidase-conjugated goat-anti-mouse IgG (cat. no. ABCA2267961; 1:12,000; Abmart) or goat-anti-rabbit IgG (cat. no. ABCA2267958; 1:12,000; Abmart) for 1 h at room temperature. Following incubation, the membranes were extensively washed with Tris-buffered saline with 0.1% Tween-20 (TBST) five times for 5 min each time. Immunoreactive bands were visualized using ECL detection reagent (Beyotime Institute of Biotechnology) using Gel imager (Bio-Rad Laboratories, Inc.). Densities of target protein bands were determined with Quantity One version 4.6 (Bio-Rad Laboratories, Inc.). The internal control GAPDH was used to normalize loading variations.

### Construction of luciferase plasmids and reporter assay

The 3′ UTR of Gli3 fragment containing putative binding sites for miRNA-200a was amplified by PCR from human genomic DNA and cloned into the psiCHECK-2 reporter vector (Promega Corporation). The PCR was conducted as follows: i) Pre-denaturation at 94°C for 5 min; ii) 40 cycles of denaturation at 94°C for 40 sec, annealing at 58°C for 30 sec, extension at 72°C for 30 sec; and iii) overlap extension at 72°C for 10 min. The predicted target site was mutated by site-directed mutagenesis ([@b27-mmr-21-04-1861]). For the luciferase reporter assays, the wild-type (WT) or mutated luciferase plasmids and miRNAs, including miRNA-200a mimics, miRNA-200a inhibitor, negative control (NC) plasmid or NC inhibitor, were co-transfected into 293T cells (\~80% confluence) using Lipofectamine™ 2000 transfection reagent (cat. no. 11668019; Invitrogen; Thermo Fisher Scientific, Inc.) and each experiment was repeated in triplicate. All of the plasmids contained a GFP reporter, and the transfection efficacy was calculated as the ratio of GFP^+^ cells/total cells. The transfection efficiency for miR-200a mimics and inhibitor was detected using laser scanning confocal microscopy at ×100 magnification ([Fig. S1](#SD1-mmr-21-04-1861){ref-type="supplementary-material"}). Cells were lysed at 48 h post-transfection and luciferase activity was assayed using a dual-luciferase reporter assay system (Promega Corporation). Firefly luciferase activity was normalized to *Renilla* luciferase activity, with ratios of firefly luciferase values/*Renilla*.

### Statistical analysis

The statistical analysis was performed using SPSS Statistics Version 18 (SPSS, Inc.) and graphs were generated with GraphPad Prism 5 (GraphPad Software, Inc.). Data are presented as the mean ± standard deviation and comparisons between two groups were made by Tukey\'s HSD post-hoc test following one-way ANOVA. P\<0.05 was considered to indicate a statistically significant difference. The correlation between Gli3 and miR-200a was evaluated by linear fit; if the correlation coefficient, R^2^, was \>0.6, it was considered to indicate a significant correlation.

Results
=======

### miR-200a expression levels in serum specimens of liver fibrosis patients and cellular samples

The miR-200a levels in serum specimens and cellular samples were determined using RT-qPCR. As shown in [Fig. 1A](#f1-mmr-21-04-1861){ref-type="fig"}, a decreased level of miR-200a was observed in serum specimens from patients with liver fibrosis compared with the control group. Meanwhile, the expression of miR-200a in the hepatic stellate cell line LX2 was significantly lower compared with normal AML12 and L02 hepatocytes (P\<0.05; [Fig. 1B](#f1-mmr-21-04-1861){ref-type="fig"}). Therefore, the results suggested that miR-200a might be implicated in the process of liver fibrosis.

### Animal model observations

Administration of CCl~4~ can cause iterative toxic damage in the liver, so it is commonly used to construct models of experimental fibrosis ([@b28-mmr-21-04-1861]). First, hydroxyproline, a surrogate marker for collagen content ([@b29-mmr-21-04-1861]), was detected, and the results showed that hydroxyproline content was gradually increased in the rat model groups over time ([Fig. 2A](#f2-mmr-21-04-1861){ref-type="fig"}). Subsequently, the morphological changes of liver injury and fibrosis were visualized in sections by H&E and Masson\'s staining. The ISHAK scoring system was used to evaluate the degree of liver fibrosis in the H&E sections ([Table II](#tII-mmr-21-04-1861){ref-type="table"}). It was found that rats in Model-0 week group exhibited an ISHAK score of 1 with intact liver tissue structures and very little collagen deposition ([Fig. 2B](#f2-mmr-21-04-1861){ref-type="fig"}). However, rats in Model-2, Model-4 and Model-8 exhibited an ISHAK score of 2.39, 3.62 and 4.76, respectively, and showed an increased amount of blue collagen deposited in the portal area and interlobular septa of the liver ([Table III](#tIII-mmr-21-04-1861){ref-type="table"}). Similarly, the Masson-positive area increased with the modeling time and was augmented from 15.17% in Model 0 week to 41.26% in Model 8 week ([Table III](#tIII-mmr-21-04-1861){ref-type="table"}). Using correlation analysis, it was noted that ISKAK score and Masson-positive area in [Table III](#tIII-mmr-21-04-1861){ref-type="table"} were negatively correlated with miR-200a expression in [Fig. 2C](#f2-mmr-21-04-1861){ref-type="fig"} (R^2^=0.947 and 0.945 respectively). In order to further evaluate the rat model of liver fibrosis, α-SMA mRNA and protein expression levels were tested by RT-qPCR, WB and immunohistochemistry analysis. As demonstrated in [Fig. 2D](#f2-mmr-21-04-1861){ref-type="fig"}, an increasing trend of α-SMA mRNA expression was observed over the model progression period. WB also demonstrated similar results. In addition, liver tissues with positive α-SMA expression exhibited yellow or brown granules in immunohistochemical staining. The representative IHC images of each group in [Fig. 2D](#f2-mmr-21-04-1861){ref-type="fig"} revealed that fewer α-SMA-positive tissues were detected around the blood vessels of liver tissues in the Model-0 week group, whereas the expression of α-SMA was found not only at the vascular walls, but also widely spread at the portal area, fibrous septum and the adjacent hepatic sinusoids in other three groups. These results indicated that the rat model of liver fibrosis was successfully established.

### Examination of miR-200a expression in rat model of fibrosis

Based on the lower miR-200a expression in clinical samples, the expression level of miR-200a in the rat model of fibrosis with was further measured using RT-qPCR. It was identified that miR-200a expression was gradually decreased over the model progression period ([Fig. 2C](#f2-mmr-21-04-1861){ref-type="fig"}). Hence, it was suggested that the decrease in miR-200a expression may be involved in the progression of liver fibrosis.

### miR-200a and fibrosis-related gene expression in the co-culture system of LX2 and THP-1 cells

HSCs, such as LX2 cells, serve an important function in the process of liver fibrosis ([@b30-mmr-21-04-1861]), thus LX2 cells were adopted as a cellular model of human hepatic fibrosis. The miR-200a expression was determined by RT-qPCR and it was established that the levels of miR-200a gradually declined in time-dependent manner ([Fig. 3A](#f3-mmr-21-04-1861){ref-type="fig"}).

α-SMA, as the marker of activated HSCs ([@b30-mmr-21-04-1861]), was evaluated at the mRNA and protein level using RT-qPCR and WB, respectively. The results revealed that upregulated expression of α-SMA was found ([Fig. 3B and D](#f3-mmr-21-04-1861){ref-type="fig"}). Additionally, changes in albumin were also measured as they are the major predictor of liver fibrosis in patients. Downregulated expression of albumin was observed ([Fig. 3C and D](#f3-mmr-21-04-1861){ref-type="fig"}). These data further suggested that the co-culture system with activated LX2 cells and miR-200a may serve an important role in the development of liver fibrosis.

### Roles of miR-200a in serum specimens

Gli3 is related to liver fibrosis. Thereafter, the expression of Gli3 in the serum was measured. Results demonstrated that the Gli3 level was clearly elevated in liver fibrosis patients compared with the controls ([Fig. 4A](#f4-mmr-21-04-1861){ref-type="fig"}). Moreover, the Gli3 expression and miR200a expression were negatively correlated, with the R^2^ value being 0.69 in the healthy control and 0.73 in the fibrosis patients ([Figs. 4B and C](#f4-mmr-21-04-1861){ref-type="fig"} and [S1](#SD1-mmr-21-04-1861){ref-type="supplementary-material"}).

### Roles of miR-200a in activated LX2 cells

In order to further explore the effects of miR-200a during the formation of liver fibrosis, fibrosis-related gene and protein expression (α-SMA, albumin and Gli3) were determined by RT-qPCR and WB in LX2 cells with NC plasmid and miR-200a mimic transfection. It was demonstrated that the mRNA and protein expressions of α-SMA and Gli3 in miR-200a group were notably lower compared with the NC group ([Fig. 5A, C and D](#f5-mmr-21-04-1861){ref-type="fig"}), whereas the mRNA and protein expression levels of albumin in the miR-200a group were markedly higher than those in the NC group ([Fig. 5B and D](#f5-mmr-21-04-1861){ref-type="fig"}). Thus, these data demonstrated that miR-200a might suppress α-SMA and Gli3 expression and facilitate albumin expression.

### miR-200a directly acts on the 3′-UTRs of Gli3

Through computational target prediction, it was found that the 3′-UTRs of Gli3 contained putative binding sites for miR-200 ([Fig. 5E](#f5-mmr-21-04-1861){ref-type="fig"}). To verify whether miR-200a directly binds to the 3′-UTRs of Gli3 and causes translational inhibition, dual-luciferase reporter assays were performed using 293T cells. The miR-200a mimics significantly decreased the luciferase activity of the Gli3 3′-UTR-dependent reporter, but it did not affect the luciferase activity of the mutant reporter ([Fig. 5E](#f5-mmr-21-04-1861){ref-type="fig"}). The mimics control had no effect on either WT or mutant reporter luciferase activity, suggesting that miR-200a might directly act on the 3′-UTRs of Gli3 mRNA.

### Effects of over-expression of miR-200a in a rat model of liver fibrosis

Next, miR-200a agomir was used to confirm the role of miR-200a *in vivo*. As demonstrated in [Fig. 6](#f6-mmr-21-04-1861){ref-type="fig"}, in line with the results of miR-200a mimic-transfected LX2 cells, the mRNA and protein expressions of α-SMA and Gli3 were significantly decreased in the livers of rats receiving miR-200a agomir, while the mRNA and protein expression levels of albumin were significantly increased. Taken together, these data indicated that miR-200a could decrease α-SMA and Gli3 expression, while increasing albumin expression *in vivo* and *in vitro*.

Discussion
==========

Liver fibrosis, which is characterized by the accumulation of ECM, is a common response to many types of liver injury ([@b2-mmr-21-04-1861]). Recently, miRNAs have emerged as key regulators in chronic liver diseases, including hepatic fibrosis ([@b31-mmr-21-04-1861]). For example, miR-145 inhibits HSC activation and proliferation by targeting zinc finger E-box-binding homeobox 2 (ZEB2) through the Wnt/β-catenin pathway ([@b32-mmr-21-04-1861]); miR-222 overexpression may contribute to liver fibrosis in biliary atresia by targeting serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B α isoform ([@b33-mmr-21-04-1861]). The results of the present study showed that miR-200a was significantly reduced in serum samples from clinical patients, liver tissues from CCl~4~-induced model rats and activated LX2 cells, suggesting that the downregulation of miR-200a may exert an important role in liver fibrosis.

Fibrogenesis-related indexes, including hydroxyproline content, collagen deposition, α-SMA expression and albumin expression were identified in CCl~4~-induced rat models and activated LX2 cells. It was found that the hepatic hydroxyproline content and the Masson\'s trichrome-positive area in liver tissues from CCl~4~-treated rats were apparently increased in comparison with those in control rats. Moreover, the expression levels of α-SMA were also clearly elevated. Therefore, the results indicated that the liver fibrosis of model rats was successfully established. Additionally, it was found that α-SMA and albumin expression at the mRNA and protein levels were markedly upregulated in a co-culture system of LX2 and THP-1 cells. The activation of HSCs is a critical event in the development of liver fibrosis ([@b34-mmr-21-04-1861]). In response to injury, HSCs become activated into proliferative myofibroblasts, migrate into the surrounding parenchymal cells and secrete tissue-damaging ECM ([@b35-mmr-21-04-1861]). It is known that a single miRNA may target \>100 mRNAs ([@b36-mmr-21-04-1861]). miR-200a was reported to target ZEB2, thioredoxin-interacting protein/NACHT, LRR and PYD domains-containing protein 3 and insulin-like growth factor 2 to regulate cell growth, hepatic inflammation and placental development ([@b37-mmr-21-04-1861]--[@b39-mmr-21-04-1861]). Recently, the role of Gli3 in liver fibrosis has attracted attention ([@b40-mmr-21-04-1861]). Gli3 is the upstream transcriptional activator of Hh signaling ([@b41-mmr-21-04-1861]). There is emerging evidence that Hh, a master developmental regulator, becomes reactivated during adult wound healing ([@b42-mmr-21-04-1861]). Hh signaling is initiated by the interactions of Hh receptor Patched, Hh ligands (Sonic hedgehog, Indian hedgehog, and Desert hedgehog), and other molecules (such as Gli3) ([@b43-mmr-21-04-1861]). A previous study demonstrated that Gli3 is implicated in the pathogenesis of liver fibrosis via miR-378 regulation ([@b40-mmr-21-04-1861]). In the present study, Gli3 was predicted to be a target of miR-200a. Moreover, the serum Gli3 level in patients with liver fibrosis was negatively related to miR-200a. By using LX2 cells (a common type of HSC), it was also found that forced expression of miR-200a suppressed α-SMA and Gli3 expression and promoted albumin expression. In addition, it was demonstrated that miR-200a could target the 3′-UTR of Gli3, as detected by dual-luciferase reporter assay. Ultimately, at the animal model level, it was further verified that the expression levels of α-SMA and Gli3 were decreased in liver tissues from CCl~4~-treated rats injected with miR-200a agomir, whereas the albumin level was enhanced, implying that elevated levels of miR-200a were negatively correlated with Gli3 in activated LX2 cells and rat livers. There is still a limitation in the present study; it only included the serum samples of the patients. Subsequent experiments may include the collection of liver samples to analyze liver miRNA and Gli3 expression.

Taken together, the results of the present study identified that miR-200a was markedly downregulated during the process of liver fibrosis. The present study also evaluated the target relationship of miR-200a and Gli3. Additionally, restoring miR-200a expression by giving miR-200a mimic in CCl~4~-induced liver fibrosis rats and activated LX2 cells could attenuate pro-fibrotic gene expression and enhance anti-fibrotic gene expression. These findings concluded that miR-200a might be a potential target to attenuate liver fibrosis by suppressing Gli3.
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![A rat model of liver fibrosis was constructed by administrating CCl~4~. (A) Quantification of hydroxyproline content during the course of construction of the liver fibrosis model at different time points. \*\*P\<0.01 vs. control group. (B) Histology with hematoxylin and eosin and Masson\'s staining of liver sections (magnification, ×200). (C) The miR-200a levels in liver tissues were examined using RT-qPCR. \*P\<0.05 vs. 0-week group. ^\#^P\<0.05 vs. 2 weeks group. (D) α-SMA expression was tested by RT-qPCR, WB and immunohistochemistry methods. \*P\<0.05 vs. 4-week group. Representative images of WB and imunohistochemistry are given. Data were quantified by comparing to the level of U6. Data are presented as mean ± standard deviation. Scale bar, 50 µm. α-SMA, α-smooth muscle actin; RT-qPCR, reverse transcription-quantitative PCR; WB, western blot analysis; miR/miRNA, microRNA.](MMR-21-04-1861-g01){#f2-mmr-21-04-1861}

![Activation of LX2 cells induced by co-culture with THP-1 cells. (A) miR-200a expression in LX2 cells was examined by RT-qPCR. \*P\<0.05 vs. 0 h group. (B) The mRNA levels of α-SMA were measured by RT-qPCR. Each value represents the mean ± standard deviation of three experiments. \*\*P\<0.01 vs. NC group. (C) The mRNA levels of albumin were assessed by RT-qPCR. Each value represents the mean ± standard deviation of three experiments. \*\*P\<0.01 vs. NC group. (D) The protein levels of α-SMA and albumin were analyzed by western blotting and compared to GAPDH. Data are presented as mean ± standard deviation. miR, microRNA; RT-qPCR, reverse transcription-quantitative PCR; α-SMA, α-smooth muscle actin; NC, negative control.](MMR-21-04-1861-g02){#f3-mmr-21-04-1861}

![Expression of Gli3 in patients and healthy individuals. (A) Expression of Gli3 mRNA in patients with liver fibrosis and healthy donors. (B) Linear analysis of miR-200a and Gli3 expression in a healthy individual. (C) Linear analysis of miR-200a and Gli3 expression in patients with liver fibrosis. miR, microRNA; Gli3, GLI-Kruppel 3; P, participant.](MMR-21-04-1861-g03){#f4-mmr-21-04-1861}

![Roles of miR-200A in rat model of liver fibrosis. (A) The mRNA level of α-SMA in liver tissues was analyzed with RT-qPCR. Each value represents the mean ± standard deviation of three experiments. (B) The mRNA level of albumin in liver tissues was examined using RT-qPCR. Each value represents the mean ± standard deviation of three experiments. (C) The mRNA level of Gli3 in liver tissues was examined using RT-qPCR. Each value represents the mean ± standard deviation of three experiments. (D) Protein expression of α-SMA and albumin in liver tissues was analyzed via WB with GAPDH as the internal control. (E) A luciferase reporter assay was performed to determine the direct target binding to the Gli3 mRNA 3′ untranslated region by miR-200a. Gli3-Wt-psiCHECK-2 and Gli3-Mut-psiCHECK-2 plasmids were co-transfected with miR-200a mimics or miR-200a inhibitor, respectively, then the luciferase activity was detected. Each value represents the mean ± standard deviation of three experiments. \*\*P\<0.01. miR, microRNA; α-SMA, α-smooth muscle actin; RT-qPCR, reverse transcription-quantitative PCR; Gli3, GLI-Kruppel 3; WB, western blot analysis; NC, negative control.](MMR-21-04-1861-g04){#f5-mmr-21-04-1861}

![Effect of miR-200a on the expression of key genes associated with rat liver fibrosis. mRNA expression of (A) α-SMA, (B) albumin and (C) Gli3 in LX2 cells and miR-200a-transfected LX2 cells. (D) Protein expression of α-SMA, albumin and Gli3 in LX2 cells and miR-200a transfected LX2 cells. Data are presented as the mean ± SD. \*\*P\<0.01 vs. NC group. α-SMA, α-smooth muscle actin; NC, negative control; miR, microRNA.](MMR-21-04-1861-g05){#f6-mmr-21-04-1861}

###### 

Sequences of primers used for reverse transcription-quantitative PCR.

  miRNA or gene     Primer sequences
  ----------------- -----------------------------------------------------------------
  miR-200a          RT primer: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCCAAGTTC-3′
                    Forward primer: 5′- ACACTCCAGCTGGGTAACACTGTCTGGTAACG-3′
                    Reverse primer: 5′- CTCAACTGGTGTCGTGGA-3′
  U6                RT primer: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAAAAATATGG-3′
                    Forward primer: 5′-CTCGCTTCGGCAGCACA-3′
                    Reverse primer: 5′-AACGCTTCACGAATTTGCGT-3′
  α-SMA (Human)     Forward primer: 5′-GTTCCAGCCATCCTTCATCGG-3′
                    Reverse primer: 5′-CCTTCTGCATTCGGTCGGCAA-3′
  Albumin (Human)   Forward primer: 5′-CAGAATGCGCTATTAGTTCG-3′
                    Reverse primer: 5′-CTGGCGTTTTCTCATGCAA-3′
  Gli3 (Human)      Forward primer: 5′- TTTTCCCCTTTAATCTTGCCAT-3′
                    Reverse primer: 5′-CCAGTGGCAAATCAACCTCC-3′
  β-actin (Human)   Forward primer: 5′-CTCCATCCTGGCCTCGCTGT-3′
                    Reverse primer: 5′-GCTGTCACCTTCACCGTTCC-3′
  α-SMA (Rat)       Forward primer: 5′-GCGTGACTCACAACGTGCCTA-3′
                    Reverse primer: 5′-CCCATCAGGCAGTTCGTAGCTCT-3′
  Albumin (Rat)     Forward primer: 5′-GATCTGCCCTCAATAGCTG-3′
                    Reverse primer: 5′-TGGCTTCATATTTCTTAGCAA-3′
  Gli3 (Rat)        Forward primer: 5′-CTCGACCATTTCCACGGCAAC-3′
                    Reverse primer: 5′-TCAGCACAGTGAAGTCTACACC −3′
  β-actin (Rat)     Forward primer: 5′- TCAGGTCATCACTATCGGCAAT-3′
                    Reverse primer: 5′-AAAGAAAGGGTGTAAAACGCA-3′

miR, microRNA; α-SMA, α-smooth muscle actin; Gli3, GLI-Kruppel 3; WB, western blot analysis; UTR, untranslated region.

###### 

Description of the ISHAK scoring.

  Score   Description
  ------- ---------------------------------------------------------------------------------------------------------------------
  0       No fibrosis
  1       Fibrotic expansion of some portal areas, with short fibrous septa
  2       Fibrotic expansion of most portal areas, with short fibrous septa
  3       Fibrotic expansion of most portal areas, with occasional portal to portal bridging
  4       Fibrotic expansion of most portal areas, with marked portal to portal bridging and portal areas to central bridging
  5       Marked bridging with occasional nodules
  6       Probable to define cirrhosis

###### 

ISHAK score and Masson-positive area of the rat livers.

  Assay         Control     Model 0 week   Model 2 week   Model 4 week   Model 8 week
  ------------- ----------- -------------- -------------- -------------- --------------
  Ishak score   0.00±0.00     1.00±0.13      2.39±0.49      3.62±0.75      4.76±1.01
  Masson (%)    2.03±0.28   15.17±2.85     19.37±2.63     25.06±3.55     41.26±4.76
